N-H. A model of smooth muscle cell synchronization in the arterial wall.
Although known for more than 150 years, the cellular processes underlying the initiation of vasomotion are not fully understood. In the present study a model of a single cell is extended by coupling a number of cells into a tube. The simulated results point to a permissive role of cGMP in establishing intercellular synchronization. In sufficient concentration, cGMP may activate a cGMP-sensitive calcium-dependent chloride channel, causing a tight spatiotemporal coupling between release of sarcoplasmic reticulum calcium, membrane depolarization, and influx of extracellular calcium. Low [cGMP] is associated only with unsynchronized waves. At intermediate concentrations, cells display either waves or whole cell oscillations, but these remain unsynchronized between cells. Whole cell oscillations are associated with rhythmic variation in membrane potential and flow of current through gap junctions. The amplitude of these oscillations in potential grows with increasing [cGMP] , and, past a certain threshold, they become strong enough to entrain all cells in the vascular wall, thereby initiating sustained vasomotion. In this state there is a rhythmic flow of calcium through voltage-sensitive calcium channels into the cytoplasm, making the frequency of established vasomotion sensitive to membrane potential. It is concluded that electrical coupling through gap junctions is likely to be responsible for the rapid synchronization across a large number of cells. Gap-junctional current between cells is due to the appearance of oscillations in the membrane potential that again depends on the entrainment of sarcoplasmic reticulum and plasma membrane within the individual cell. vasomotion; mathematical model; chloride channel; gap junctions VASOMOTION, A RHYTHMIC CHANGE in microvascular diameter, has been known for more than 150 years (26) and has been observed in numerous species including humans (1) . During vasomotion, vessel segments of variable lengths contract rhythmically with frequencies of typically 3-20 cycles/min (4, 6, 10, 12, 14) , although higher frequencies have been observed (9) . In the vascular wall, the rhythmic generation of tension is associated with a parallel change in cytoplasmic calcium concentration (22, 25, 31, 34) , as well as with an oscillation in membrane potential (3, 16, 17, 28) . For the vessel to generate sufficient tension to contract against the intraluminal pressure, a large number of smooth muscle cells must act in concert. The nature of the signal causing this intercellular coordination in the vascular wall, however, remains poorly defined.
In many organs, e.g., heart and intestine, synchronized contraction of populations of cells is achieved by means of specialized pacemaker cells constituting only a small fraction of the total cell mass. Although the presence of pacemaker cells in the vascular wall has been hypothesized (27) , the existence of such cells remains controversial.
In vessels of the rat intestinal microcirculation, stimulation with moderate concentrations of ␣-adrenoreceptor agonists elicits low-frequency calcium waves. These waves are out of phase and run in different directions in different cells; they are not transmitted from one cell to its neighbors, and they are not associated with vasomotion (31) . Abruptly, the wave pattern may transform into high-frequency whole cell calcium oscillations that are coordinated among a large number of cells and are associated with the macroscopic appearance of vasomotion. The abruptness characterizing the onset of intercellular synchronization (31) indicates that the communicated signal spreads fast within the vascular wall, making electrical coupling through gap junctions a likely mechanism underlying the synchronization. Electrical coupling would enable processes that depend on membrane potential, e.g., voltage-dependent synthesis of inositol 1,4,5-trisphosphate [Ins(1,4,5)P 3 ] (19, 45) or opening of voltage-sensitive ion channels (14, 29, 31) to entrain the oscillatory state of a large population of cells.
Here we present a mathematical model of a tube-shaped layer of cells, coupled through gap junctions to form a large cellular syncytium. Simulation of individual cells (19a) indicates that, following an increase in [cGMP] , cells may shift from low-frequency waves to high-frequency whole cell oscillations. The latter are associated with rhythmic membrane depolarization, the amplitude of which increases with [cGMP] . The simulations indicate that, when a number of cells are coupled through gap junctions and cGMP is released beyond a certain concentration, the oscillations in membrane potential are strong enough to cause intercellular synchronization. Also, it appears that the hitherto unexplained acceleration in frequency following the onset of vasomotion may be explained on the basis of the shift in oscillatory mode within the individual cell rather than being a consequence of intercellular synchronization per se. Multiple simulations with variable gap-junctional coupling strength indicate that intercellular synchronization is independent of coupling strength as long as a certain minimal level is exceeded. The simulations also indicate that intercellular diffusion of signal molecules is not necessary to achieve global synchronization in the present system. Finally, the model points to membrane potential as an important factor in determining the frequency in established vasomotion.
METHODS

The Model
Cell model. Details of the cell model, including parameter values and discussion of model simplifications, are given in Ref. 19a . Figure 1A shows the model compartments: the sarcoplasmic reticulum (SR), the cytoplasm, and the plasma membrane with their respective components. In brief, calcium is buffered by local proteins in both the SR interior and in the cytoplasm. In both compartments calcium can diffuse laterally. The SR membrane is modeled with a calcium pump, the sarco(endo)plasmic reticulum calcium-ATPase, and a calcium release channel. The plasma membrane is modeled with three electrogenic ion pumps (the Na ϩ ⁄ K ϩ -ATPase, the Na ϩ /Ca 2ϩ -exchanger, and the plasma membrane calcium-ATPase) and with three ion channels (L-type calcium channels, calcium-sensitive potassium channels, and cGMP-sensitive calcium-dependent chloride channels). The membrane also has nonspecific background conductances for Na ϩ , K ϩ , Cl Ϫ , and Ca 2ϩ ions. Gap-junction currents. Gap-junction currents (Igap) originate as a consequence of concentration differences, potential differences, or both between two neighboring cells, a and b, and they were modeled as follows:
where Px is the gap junction permeability of the ion x, ͓ x͔ (47) , but most gap-junction current is likely to be carried by potassium and chloride due to the high cytoplasmic concentrations of these ions. Permeability for calcium was set equal to that of potassium. Permeability for each ion is scaled according to the ratios above. Standard value of permeability is P general ϭ 5 ϫ 10 Ϫ8 m/s, and this value was subject to systematic variation across five decades (18) . The change in membrane potential is due to the combined effects of all currents across the plasma membrane and through gap junctions ¥ xIgap,x:
where Cm, cell is the whole cell capacitance (17 ϫ 10 Ϫ12 Farad) and x is the individual ions (Na ϩ , K ϩ , Cl Ϫ , and Ca 2ϩ ) considered in the model (19a) . Definitions of the currents of Eq. 2 are given in Ref. 19a .
Spatial distribution. The spatial distribution of the model is shown in Fig. 1B . Each cell in the interior of the cell plate couples to six other cells through gap junctions (black double barrels). Cells located at the edges couple to either three or five neighboring cells. The whole cell plate forms a tube by making end-to-end contact (arrow). The central one-third of each cell is cylindrical, whereas the lateral part tapers off. For details of perturbation of the system and numerical methods, please see APPENDIX. (5), cytoplasmic calcium buffer (6), SR calcium buffer (7), cGMP-sensitive calciumdependent chloride channel (8), calcium-activated potassium channels (9), voltage-sensitive calcium channel (L-type calcium channel; 10), and gap junction (11) . B: vessel model. Example of a single-layered cell plate used in the simulations is shown. The plate forms a tube by making end-to-end contact. Each spindle-shaped cell couples to neighboring cells through gap junctions (black double-barrel structures). Figure 2C shows that in coupled cells displaying waves, membrane potential is almost invariant. Cells showing whole cell oscillations display tiny oscillations in membrane potential. The amplitude of these oscillations is small as long as [cGMP] is low, and the cGMPsensitive calcium-dependent chloride channels are therefore inactive. The amplitude is further reduced by dissipation of current into the surrounding cells. Figure 2B shows how [cGMP] is gradually increased to an average of 6.0 M after t ϭ 90 s. This is associated with the transformation from waves to whole cell oscillations in all cells (Fig. 2D ) and the onset of oscillations in membrane potential (Fig. 2C) . Abruptly, all cells in the tube synchronize as reflected in both the calcium and the membrane potential curves. This state is referred to as "vasomotion" although movement of the wall is not explicitly modeled. As expected, if [cGMP] is reduced again, the coupling between SR and plasma membrane is gradually loosened because of inactivation of the cGMP-sensitive calcium-dependent chloride channels, and intercellular synchronization is eventually lost (not shown).
RESULTS
Intercellular Synchronization
In Fig. 2 the intercellular coupling strength remains constant throughout the simulation at P general ϭ 5 ϫ 10 Ϫ8 m/s. To test whether changes in coupling strength per se can induce intercellular synchronization when [cGMP] is low (5 M), the model was simulated with P general ranging from 0.5 ϫ 10 Ϫ8 m/s to 5,000 ϫ 10 Ϫ8 m/s. The wave pattern is unchanged at permeabilities up to ϳ500 ϫ 10 Ϫ8 m/s (100 times the value used in Fig. 2 ) with no synchronization or transmission of waves between cells. If the permeability is increased further, the cell tube behaves progressively more as one large cell, with waves running in parallel in neighboring cells. However, at no permeability level is the onset of synchronized whole cell oscillations seen.
Repeating the simulation of Fig. 2 with selective gapjunctional blockade of calcium while other ions move freely, the cells enter a complete synchronization identical to the one in Fig. 2 (not shown) . Hence, gap-junctional movement of calcium is not necessary for the initiation of vasomotion in the present model. Finally, during complete blockade of all gap-junctional currents, cells display waves during low [cGMP] and switch to whole cell oscillations during high [cGMP], but these remain unsynchronized between the cells, since there is no intercellular communication (not shown). Figure 3A shows the concentrations of cGMP at which a tube of coupled cells displays sustained intercellular synchronization (black line) and those at which synchronization is incomplete (gray line). At [cGMP] below the threshold level where sustained synchronization is possible (Ϸ6 M), a depolarizing pulse (potential clamp at Ϫ30 mV for 100 ms) triggers a transient intercellular synchronization of variable duration. The closer [cGMP] is to the threshold level, the longer the transient synchronization lasts. This is shown in Fig. 3 , B and C. Furthermore, local groups of cells tend to oscillate in phase; Figure 4 illustrates the essential roles of the chloride and the L-type calcium channel, respectively, in the initiation of vasomotion. During blockade of these channels, it was not possible to initiate vasomotion, and the calcium elevations remain uncoordinated both within the individual cell as well as between the cells. Figure 4A shows the increase in [cGMP] in the course of the simulations (similar to Fig. 2B ). In Fig. 4B , the cGMP-sensitive calcium-dependent chloride channel is completely blocked. During low [cGMP], most cells display regular waves. As expected, wave generation is independent of chloride-channel activity, since waves depend primarily on the SR function. As [cGMP] is increased, the transition to vasomotion fails. Instead, waves break up into irregular local calcium elevations unsynchronized between the cells. The same irregular pattern is seen at all cGMP concentrations during L-type calcium-channel blockade (Fig. 4C) . Thus in the present simulations, initiation of vasomotion is not seen in the absence of the coupling between the SR and the membrane provided by the chloride channel. Neither is it seen in the absence of synchronization of calcium release from the SR provided by calcium influx through the L-type calcium channel. The results are summarized in Table 1 .
Vasomotion Frequency
Intercellular coupling strength in itself does not influence vasomotion frequency. As long as the coupling exceeds the minimal value at which synchronization become possible (in the present system, ϳ1.5 ϫ 10 Ϫ8 m/s), the frequency remains constant across the subsequent four decades of coupling strength (not shown). Figure 5A shows how membrane depolarization causes substantial increase in vasomotion frequency. Coupled cells in this regard behave similar to the isolated cell showing whole cell oscillations (19a) . Average membrane potential was modulated by adjusting one of the background currents (cf. Ref. 19a) . Outside the range of average membrane potential shown in Fig.  5A , vasomotion is not observed. When the membrane is not sufficiently depolarized, [Ca 2ϩ ] Cyt never reaches a level sufficient to elicit calcium-induced calcium release (CICR). If, on the other hand, depolarization is too strong, sustained cytoplasmic calcium flooding follows. For the points marked with arrowheads ( Fig. 5A) , details are shown in Figs. 5, B-D (arrowhead shading corresponds to curve shading). Despite a pronounced difference in vasomotion frequency, the position of the curves for the SR-calcium concentration is similar in the two cases (Fig. 5B) . Thus the SR-cytoplasmic concentration gradient of calcium is unlikely to be responsible for the difference in frequency. However, the difference in average membrane potential in the two cases causes a substantial difference in calcium current through the L-type calcium channel (Fig. 5C ). In turn, average [Ca 2ϩ ] Cyt is reduced in the more hyperpolarized state (Fig. 5D) . The combined effects of low basal [Ca 2ϩ ] Cyt and low calcium influx increase the time it takes to reach the threshold for CICR (Fig. 5D) , reducing vasomotion frequency. Simulated vasomotion frequency (at [cGMP] Ϸ 6 M) is modulated by the conductance of ion channels in the plasma membrane. Vasomotion is seen over a range of conductances around the standard value used in the simulations (Tables 3, 9 , and 10 of Ref. 19a). As expected, an increased conductance of the chloride or the L-type calcium channel (depolarizing currents) increases the frequency, whereas an increase in conductance of calcium-activated potassium channels reduces the frequency (not shown). When [cGMP] is low, vasomotion is never observed no matter what the conductance of either one of the three channels. Instead, the cells show unsynchronized waves/whole cell (or irregular) oscillations over a broad range of conductances. If the conductance is too high, either calcium flooding (chloride or L-type calcium channel) or depletion (calcium-sensitive potassium current) follows. This leads to an elimination of all rhythmic variation in [Ca 2ϩ ] Cyt no matter what the concentration of cGMP.
DISCUSSION
The main findings of the present study are as follows: 1) cGMP plays a permissive role through a cGMP-sensitive calcium-dependent chloride channel in establishing intercellular synchronization, 2) electrical coupling via gap junctions is necessary for intercellular synchronization to occur, and 3) membrane potential modulates frequency in established vasomotion.
One property of the present cell model specific for rat mesenteric small arteries is the presence of a cGMP-dependent calcium-sensitive chloride channel found in this tissue (24, 32) . This channel causes membrane depolarization in response to an increase in [Ca 2ϩ ] Cyt if cGMP is present in sufficient concentration. Calcium release from the SR hereby induces membrane depolarization and influx of extracellular calcium through volt- age-sensitive calcium channels. As shown in simulations of a single cell (19a) , this may lead to a shift in oscillatory mode from waves to whole cell oscillations within the individual cell. Furthermore, within a certain range of [cGMP], these states may coexist at the same set of parameter values.
These properties are not changed by intercellular coupling. At low [cGMP] , cells mainly display low-frequency waves. These are not transmitted between cells, and cells displaying waves show no oscillations in membrane potential (Fig. 2 ) (34) . It proved impossible to cause a transition from waves to vasomotion at low [cGMP] by increasing gap-junctional permeability only. However, by increasing [cGMP] , an increasing number of cells switch to whole cell oscillations (Fig. 2D , green curve). This state is associated with oscillations in membrane potential (Fig. 2C, green curve) , the amplitude of which increases with increasing [cGMP] . The larger the concentration of cGMP, the stronger is the response of the chloride channel to an increase in [Ca 2ϩ ] Cyt and the larger are the oscillations in membrane potential. Gap-junctional flow of current increases with the amplitude of these oscillations and is, beyond a certain threshold, sufficient to cause intercellular synchronization. As shown in Fig. 3 (see also supplementary material movie 3B and 3C), below this threshold, transient synchronization can be induced by a short electrical pulse. At low [cGMP], synchronization will be short lasting and the following desynchronization will be complete. Increasing [cGMP] toward the threshold results in longer periods of synchronization, and desynchronization never becomes complete. Instead, groups of cells continue to oscillate together. As [cGMP] is increased further, these groups become larger, but at the same time their frequency is reduced (Fig. 6B) . Beyond the threshold, the system remains completely synchronized, and a further increase in [cGMP] will reduce vasomotion frequency (Fig. 6) .
Experimentally, similar observations have been made in rat mesenteric small arteries. In vitro waves are not transmitted between cells (31) and are not associated with oscillations in membrane potential (34) . During vasomotion, on the other hand, cells shift to whole cell oscillations and membrane potential oscillates (13, 34) . At intermediate concentrations of cGMP, islets of cells are oscillating together but are unsynchronized with other islets. Higher cGMP concentrations result in a synchronization between islets but, at the same time, frequency is reduced (34) .
It is possible that the wave period often preceding vasomotion in native vessels (31) represents the time it takes to build up the concentrations of cGMP necessary to cause intercellular synchronization. As shown by Dora et al. (7), smooth muscle cell calcium can diffuse to endothelial cells through myoendothelial gap junctions and, through a rise in endothelial cell calcium and nitric oxide generation, causes an increase in [cGMP] in the smooth muscle cells of the vessel wall. The special morphology of the endothelial cell with a small cytoplasmic volume and simultaneous contact to many smooth muscle cells (15) favors a rise in endothelial cell cytoplasmic calcium due to diffusion (8) . An in vitro onset of intercellular synchronization may also follow a depolarizing pulse (31) . In this case, the depolarization may, per se, cause the rise in smooth muscle cell calcium necessary to initiate the outlined cascade.
If the chloride channel is essential to couple SR and plasma membrane, a general increase in conductance of that channel could potentially substitute for an increase in cGMP in the initiation of vasomotion. However, in test simulations, this proved impossible. A change in channel conductance while the cells generate waves (low [cGMP]) causes calcium flooding rather than vasomotion. The reason for this behavior lies in the properties of the chloride channel, where an increase in cGMP causes a shift in calcium sensitivity and not just a proportional increase in open probability. As the steepness of the sensitivity curve increases, the ability of the channel to switch between on and off states in response to changes in cytosolic calcium increases. The channel hereby enhances oscillations in [Ca 2ϩ ] Cyt , leading to the onset of vasomotion. Whatever signal underlies the initiation of vasomotion, it must be transmitted rapidly in the vascular wall, since cells previously showing independent waves suddenly synchronize across, on a cellular scale, large distances. The abruptness of the process and its global nature make it unlikely that it is caused by the slow process of diffusion of calcium or other second messengers.
In the present model, intercellular synchronization is caused by gap-junctional flow of current. Synchronization ensues readily when P general exceeds a minimum level, even in the case where the gap-junctional permeability of calcium is selectively set to zero. Hence, in the present simulations, neither gap-junctional movement of calcium nor movement of other second messengers is necessary to initiate vasomotion.
Gap-junctional coupling is dynamically regulated (23, 37) , and observations by Sell et al. (41) suggest that high concentrations of norepinephrine (10 M) may reduce the electrical coupling in the vascular wall, whereas acetylcholine in a similar concentration partially restores the coupling. The present results show that increasing gap-junctional permeability in the wave state does not lead to vasomotion, and in established vasomotion, the frequency is independent of the gap-junctional coupling. In addition, decreasing gap-junctional coupling has no effect on established vasomotion until a very low level of electrical coupling is reached. For comparison, this level of coupling corresponds to a gap-junctional permeability coefficient that is more than an order of magnitude lower than that estimated for K ϩ and Cl Ϫ in lens cells (33) . This strongly suggests that the ability of ␣-agonists to induce vasomotion is unrelated to any effects on the degree of gap-junctional coupling.
Experimentally, the quantitative movement of calcium through gap junctions appears to be small, since calcium waves in one cell generally do not initiate waves in neighboring cells (31, 41) ; waves therefore remain asynchronous between cells. This has been shown in venous smooth muscle cells as well (35) . Unlike calcium diffusion between smooth muscle cells and endothelium, diffusion between smooth muscle cells is not favored by a special cellular arrangement and differences in cell volume. In addition, gap junctions between smooth muscle cells in vascular tissue are few in number (36, 38) . Furthermore, the concentration gradient between the cytoplasm of two cells is only of the order of a few hundred nanomolar, and the cytosol has a high-buffering capacity for calcium. Collectively, this makes the gap-junctional flux of calcium small compared with fluxes from the SR or from the extracellular space where the concentration gradient is of the order of 10 4 times larger. This indicates that current rather than diffusion plays a main role in synchronization (41) . Movement of only a few ions can change the membrane potential and thereby affect the opening state of L-type calcium channels, eliciting a massive flux of calcium across the plasma membrane. Although the influence from signal substances diffusing through the extracellular space or through gap junctions cannot be excluded (21) , the present model indicates that synchronization can be achieved easily by the passage of current between neighboring cells.
The present simulations indicate that membrane potential could be important in modulating the frequency of established vasomotion. Figure 5C shows how depolarization causes an increased flux of calcium into the cell. Higher average [Ca 2ϩ ] Cyt results in the threshold for CICR being reached faster, thereby increasing the frequency (Fig. 5D ). In keeping with that, the present simulations indicate that increasing the conductance of the L-type calcium channel increases vasomotion frequency. In vitro, similar acceleration in frequency has been observed following an application of BAY-K 8644, an L-type calcium-channel agonist (14) , although only a reduction in amplitude and not in frequency was observed following submaximal calcium-channel blockade (14) .
Experimental studies suggest a possible connection between membrane depolarization and vasomotion frequency. In vessels showing myogenic reactivity, increased intraluminal pressure is associated with membrane depolarization (39, 48) and increased vasomotion frequency in all (2, 30, 46) or part of the pressure range (5, 12) . Recently, Koenigsberger et al. (20) found the same relation in a mathematical model of arterial vasomotion. However, a frequency-modulating influence from the SR is certainly also possible (14, 31) .
Exposure to sodium nitroprusside (releasing nitric oxide) is associated with hyperpolarization in endothelium-denuded, epinephrine-stimulated mesenteric vessels (13) . In pulmonary vascular smooth muscle cells, cGMP-mediated relaxation involves the Na ϩ /K ϩ -ATPase (43, 44) . In the present model, a stimulating effect of cGMP on this pump was therefore assumed, but modulation of other currents, e.g., through the modulation of potassium channels (40, 42) , is equally possible. The simulations of Fig. 6 shows the general effect of a hyperpolarizing action of cGMP, and the result is independent of the specific mechanism (current) causing the hyperpolarization (see also Ref. 19a) . It may seem confusing that the initial effect of an increase in [cGMP] at the onset of vasomotion is an increase and not a reduction in frequency (cf. Fig. 2 ). This frequency shift is, however, caused by a completely different mechanism, namely the switch from waves to whole cell oscillations (19a) , and it dominates initially. Only if [cGMP] is increased further is the effect on membrane potential evident (Fig. 6B) .
In conclusion, the simulated results indicate that cGMP may have a permissive role in the onset of vasomotion in rat small mesenteric arteries by coupling SR and plasma membrane calcium dynamics, leading to oscillations in membrane potential. Intercellular synchronization follows when these oscillations become sufficiently strong and when gap-junctional coupling exceeds a certain minimum level. Intercellular diffusion of calcium or another second messenger is not necessary to explain synchronization. Finally, vasomotion frequency is strongly influenced by the membrane potential.
APPENDIX
Perturbation
Description of how parameters are perturbed within the individual cell is given in (Ref. 19a) . Between cells, heterogeneity is induced in a similar way. For each individual cell, a given quantity is multiplied by a factor ϭ 1 ϩ [( Ϫ 0.5) ϫ k perturb,cell], where is a random number between 0 and 1 and kperturb,cell is a constant scaling the size of the perturbation; for simplicity, kperturb,cell has the same value (0.1) for all perturbed quantities. Hence, varies randomly between the cells and stays constant in the course of a simulation. In each cell, has an individual and independent value for each perturbed quantity. 
Numerical Stability
Description of the numerical method is given in Ref. 19a. In the cell tube model using a time step of 5 ϫ 10 Ϫ4 s, the individual simulations are completed within a reasonable time (hours and up to a few days for the larger cell tubes). At the same time, numerical instability is avoided (appearing as a rapid divergence toward Ϯϱ of V m and/or [Ca 2ϩ ]Cyt/[Ca 2ϩ ]SR), and the effect on the final result of reducing the time step is negligible. Integrating a system of 15 coupled cells for 60 s with the time step reduced by a factor 10 (⌬t ϭ 0.5 ϫ 10 Ϫ4 s) or a factor 100 (⌬t ϭ 0.05 ϫ 10 Ϫ4 s) caused less than a 0.37% change in the computed solution. In simulations with very high intercellular coupling, a reduced step size was used to avoid numerical instability.
